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© Method and apparatus for generation of multi-branched diagnostic trees. 

© A method and apparatus for automated genera- FIG, 1 

tion of multi-branched diagnostic trees is described. 
The present invention generally rs practiced on 
model-based diagnostic systems and utilizes a can- 
didate generator, constraint propagator and best 
measurement generator, along with a model of a 
system to be diagnosed, to generate nodes and 
branches of a diagnostic tree. 
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METHOD AND APPARATUS FOR GENERATION OF MULTI-BRANCHED DIAGNOSTIC TREES 



The present invention relates to isolating defec- 
tive and/or improperly operating components In a 
system, and more specifically, relates to automated 
generation of multi-branched diagnostic trees uti- 
lized to isolate faulty components. 

Fault isolation, as used herein, refers to a pro- 
cess for identifying a faulty component or compo- 
nents of a system which is not operating in accor- 
dance with predetermined operating parameters. 
The fault isolation process generally begins at de- 
tection of abnormal system behavior and proceeds 
to identification of a "faulty", i.e. defective and/or 
improperly operating, component and/or compo- 
nents. With complex equipment such as electronic 
control circuits, the fault isolation process requires 
expert knowledge of the equipment and is a time- 
consuming and difficult task. 

To facilitate fault isolation, paper-based main- 
tenance and troubleshooting instructions, such as 
service manuals, generally are utilized. For com- 
plicated systems, however, the service manuals are 
voluminous, require a great amount of time to 
generate, and are highly susceptible to incomplete- 
ness and errors. Further, in order to isolate a fault 
in a reasonable amount of time, the system user 
generally must have some expertise and knowl- 
edge of the system. 

To improve upon fault isolation through paper- 
based instruction manuals, rule-based expert sys- 
tems for practice on computers have been imple- 
mented. The rules, generally referred to as a 
knowledge base, of these expert systems embody 
the experience and heuristic knowledge of a human 
expert. 

Because extracting heuristic and experiential 
knowledge from a human is difficult and time- 
consuming, systems for performing diagnosis 
based on more fundamental knowledge, i.e. r knowl- 
edge that could be available from the system de- 
signer or from design documentation, have been 
implemented. Such fundamental knowledge is often 
embodied in a software model, sometimes referred 
to herein as a model, representation of the system. 
For example, an electric circuit is often represented 
by a circuit schematic or higher level block dia- 
grams. The model contains functions of system 
components, functionality of the components, and 
connections between the components. Systems for 
developing conclusions, l.a deductions, based 
upon a descriptive model for purposes such as 
diagnosis are often referred to as model-based 
reasoning systems. Model-based reasoning sys- 
tems ar more "automated" than rule-based expert 
systems because model-based systems eliminate 
utilization of experiential knowledge. Rather, model- 



based systems use generic, reusable, diagnostic 
information and procedures. 

Known models used in model-based diagnosis 
systems can be categorized into two categories, 
s namely "connectivity' 1 models and "connectivity 
and functional" models. A connectivity model, 
sometimes refened to herein as a connectivity-only 
model, comprises nodes and directed connections. 
Each node represents a component of the system 
10 being diagnosed and directed connections indicate 
the structural formation, i.e. the connectivity, of the 
system components. In the connectivity model, 
only the structure of the system is modelled. The 
actual operation, i.e. the function, performed by 
is each system component is not modelled or uti- 
lized. Therefore, the nominal values of system vari- 
ables for a specific test condition are predeter- 
mined by some other simulation method. 

With the connectivity model, the system vari- 
20 ables can only be represented qualitatively as be- 
ing "GOOD" or "BAD". That is, the actual operat- 
ing value of a system variable is either equal to 
(GOOD) or not equal to (BAD) the predetermined 
nominal value of the variable. A model-based di- 
ss agnostic system based upon a connectivity model 
thus makes deductions only with qualitative in- 
formation. Although the connectivity model used in 
some model-based diagnosis procedures may be 
satisfactory to identify faulty components in simple 
so systems, the connectivity model generally inhibits 
accurate fault Isolation In more complex systems, 
especially those having feedback loops. For exam- 
ple, if one component in a feedback loop is in- 
dicated as being "BAD", diagnosis with the con- 
as nectivity model can only indicate that the entire 
feedback loop is "BAD" and further isolation of a 
faulty component with the connectivity model is 
impossible. 

"Connectivity and functional" models, on the 
4o other hand, allow functional behavior of system 
components to be expressed In specific numerical, 
i.e. quantitative, terms or in qualitative terms. 
Model-based reasoning systems, when using quan- 
titative models, can make use of quantitative mea- 
45 surement information and thus generally provide 
more accurate diagnosis than qualitative methods. 
The quantitative results are specific numerical val- 
ues for each terminal, such as 5.01V, as opposed 
to qualitative values, such as BAD. Model-based 
so reasoning systems which provide quantitative re- 
sults, however, require, in many applications, com- 
puting resources and time that are beyond those 
available. 

With connectivity and functional software 
models, the system to be diagnosed is modelled 
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by using both th quantitative transfer function of 
each component and th connectivity of the sys- 
tems compon rrts. Therefore, with the connectivity 
and functional model, however, extensive calcula- 
tions must be performed, especially when complex 
system components having complicated transfer 
functions are represented In the model. Although 
fault isolation with connectivity and functional 
models is very accurate, the time period required 
to complete the fault Isolation process utilizing this 
model can preclude real-time diagnostic oper- 
ations. 

Model-based diagnostic systems also generally 
include a deductive mechanism, such as a con* 
sireint propagation mechanism, which forms pre- 
dictions or estimations as to values of system 
variables at terminals of each system component 
represented In the model. For example, in one 
embodiment of a constraint propagation mecha- 
nism, propagation, sometimes referred to as 
numeric constraint propagation, occurs when all but 
one terminal of a component has a measured or 
deduced value. A value is determined for the one 
terminal by propagation, i.e. execution of the trans- 
fer function of the system component from the 
other terminal values. Reference to inputs and out- 
puts of a component is not important, or even 
utilized, by the propagation mechanism. Specifi- 
cally, terminal values for system component out- 
puts can be determined from component inputs 
and component inputs can be determined from 
component outputs by manipulating the transfer 
function of the component Other embodiments of 
constraint propagation mechanisms are also known, 
such as propagation mechanisms which allow prop- 
agation when two terminals of a component do not 
have values. With this mechanism, a symbol is 
assigned to one of the terminals without value and 
a symbolic expression is determined for the other 
terminal without value. Such propagation is some- 
times referred to as symbolic constraint propaga- 
tion. 

Each value propagated by the propagation 
mechanism through each system component de- 
pends on the proper operation of a set of compo- 
nents, and each set of dependencies is recorded 
using a mechanism sometimes referred to herein 
as a dependency tracking mechanism, den an in- 
consistency occurs between a propagated value, 
i.e. a value predicted by the propagation mecha- 
nism, and an actual measured value at a terminal, 
or between two propagated values at a terminal, a 
conflict is recorded. The set of components in- 
volved in the conflict, i.e. the conflict set is iden- 
tified from the sets of compon nts from which each 
propagated value depends. If the propagated 
and/or measured values at a terminal concur, no 
conclusions are drawn. Specifically, the dependent 



components from which concurring values depend 
cannot be assumed to be fault-free since a true 
fault may not be evidenced by one particular mea- 
surement. 

5 Fault isolation also often requires a best mea- 

surement selection mechanism. This selection 
mechanism identifies the next best measurement 
to perform for efficient fault isolation. Specifically, 
the measurement selection mechanism instructs, 
10 through an interface, a system user to make a 
measurement at a selected terminal in order to 
further isolate the faulty component The system 
user enters a measured value of the selected ter- 
minal, and then this measured value is utilized for 
is another sequence of propagation through the 
modal by the propagation mechanism. 

As propagation and measurement continues, a 
number of conflict sets will be outstanding from 
which fault candidates can be derived. A fault can- 
20 didate comprises a set of components which in- 
cludes at feast one component from each conflict 
set. The failure of all components of a fault can- 
didate is a valid explanation for all the measure- 
ment results. A "single fault" candidate is a com- 
as ponent common to ail conflict sets. A "multiple 
fault" candidate contains components not included 
in all conflict sets. As propagation is repeated, the 
actual fault is more Isolated and eventually iden- 
tified so that the appropriate system component 
30 can be replaced or repaired. 

Because fault isolation using model-based di- 
agnostic systems is time consuming, test proce- 
dures to be followed for fault isolation often are 
represented in the form of a decision tree, gen- 
35 eraily referred to as a fault tree or a diagnostic tree. 
Such a tree includes nodes which identify tests to 
be performed and branches which represent possi- 
ble outcomes of each test. As used herein, a test is 
defined as a measurement at a specific terminal 
40 within a system being diagnosed. The tree also 
contains "leaf" nodes which terminate various 
paths within the tree and represent conclusions, 
e.g., a specified component Is faulty, based on test 
results obtained for each specific path. 
46 Some diagnostic trees are termed "binary" 

trees because these trees only accept binary test 
results, f.e. GOOD or BAD. Therefore, after per- 
forming a test indicated by each node, only two 
branches or paths can be followed. A binary dh 
60 agnostic tree can be generated using a diagnostic 
system based upon a connectivity-only model. Bi- 
nary results provide incomplete information, for ex- 
ample, because these results do not indicate how 
badly a system component is operating. Further, a 
66 multiple fault candidate generally cannot be found 
by a binary diagnostic tree. Therefore, once one 
faulty component is repaired, the entire fault isola- 
tion process must be rep ated to Identify oth r 
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faulty components. This process is time-consum- 
ing. Also, as with the connectivity-only model, the 
binary tree cannot be used to precisely Isolate 
faulty components in feedback loops. 

Ternary diagnostic trees, Le. each measure- 
mem node containing three branches usually de- 
noted HIGH. OK, or LOW, also have been imple- 
mented. A known fault-isolation system is a model- 
based diagnostic system that uses a connectivity 
and quantitative functional model of a system to be 
diagnosed and automatfcaHy generates a ternary 
tree therefrom. With the above-identified fault-isola- 
tion system, however, higher branching-factor trees 
cannot be generated. None of the known art utilizes 
a model-based diagnostic system using a connec- 
tivity and functional model, which expresses func- 
tional behavior of system components in quantita- 
tive terms, to automatically generate, off-line, a 
multi-branched diagnostic tree, the branching-factor 
of each node being selected by a system user or 
by the system Itself and being variable. 

There are disclosed herein a method and ap- 
paratus for generation of multi-branched diagnostic 
trees which overcome the foregoing disadvantages 
and shortcomings. They are based on a connec- 
tivity and functional model which expresses func- 
tional behavior of system components in quantita- 
tive terms. The generated diagnostic trees allow 
flexibility in selection of a branching factor In fault 
isolation. The disclosed method and apparatus for 
generation of multi-branched diagnostic trees may 
automatically select an optimum branching factor 
for the tree and may isolate multiple as well as 
single faults. 

More particularly, there is disclosed, as em- 
bodiments of the invention claimed herein, a meth- 
od and apparatus which utilizes known mecha- 
nisms, such as a constraint propagation mecha- 
nism and a best measurement mechanism, as well 
as a model of a system to be diagnosed, to auto- 
matically generate a mufti-branched diagnostic 
tree. The model of the system to be diagnosed 
preferably is in the form of a connectivity and 
functional model. The functional model expresses 
functional behavior of system components In quan- 
titative terms. The diagnostic reasoning system ac- 
cepts actual test measurements of variables at 
terminals of the system to be diagnosed as inputs, 
and based on propagation by the propagation 
mechanism through the software model, fault can- 
didates are generated. The best measurement 
mechanism, sometimes referred to herein as the 
next best measurement mechanism, then identifies 
the next terminal to be measured for efficient fault 
isolation, such as by minimizing cost and/or time. A 
system user then performs the identified measure- 
ment and another sequence of propagation is be- 
gun. 



To perform a tree generation task, the reason- 
ing system performs constraint propagation to de- 
duce terminal values. Typically, the propagation 
mechanism deduces numeric intervals, also re- 
s ferred to herein as ranges, I.e., accepting numeric 
intervals at terminals of components and estimating 
intervals on another terminal. For certain oper- 
ations, however, single numbers rather than Inter- 
vals are utilized. The system user then selects a 

10 desired branching factor for the diagnostic tree and 
assigns a value, e.g. HIGH, LOW, etc., to each of 
these ranges. Importantly, the system user may 
select any granularity, for example, VERY HIGH, 
HIGH, OK, LOW and VERY LOW. Increased 

75 granularity results in a diagnostic tree having an 
increased number of branches. 

Once the desired granularity is selected, tree 
generation continues by representing a test mea- 
surement at a terminal in the system model as a 

20 root node having branches extending therefrom. 
Importantly, the root node may represent measure- 
ment of a set of terminals. The terminal associated 
with the root node generally will be an output 
terminal of the system to be diagnosed. The num- 

25 ber of branches extending from the root node cor- 
responds to the selected granularity. For example, 
for a granularity of three (3), three branches will 
extend from the root node to form a ternary tree. 
Bach branch corresponds to a specific numerical or 

so numeric interval and may be labelled with a qualita- 
tive value. Assuming that a measurement returns a 
numeric value, then the interval containing that 
value is propagated through the system model by 
the propagation mechanism. Conflicts are then de- 

3s termlned and candidate sets are generated, The 
best measurement mechanism then Identifies the 
next best terminal to be measured. Measurement 
of this next best terminal will be represented by an 
Internal tree node attached to a corresponding 

ao branch. 

For the ternary tree, three branches extend 
from the root node and each internal node, and 
each of these branches will terminate in either 
another internal node or a leaf node. Again, each 

46 branch extending from each branch node corre- 
sponds to one of three interval values. The process 
is repeated until a particular component or compo- 
nents are Identified by the system as faulty thereby 
completing an entire path of the diagnostic tree. 

so The leaf nodes identify a faulty component or com- 
ponents. Iteration through all possible branches 
generates the complete tree. 

Unake a binary tree which always terminates at 
leaf nodes representing single faults, the present 

55 apparatus and method provide generation of a 
multi-branched tree which may contain nodes re- 
presenting both single and multiple faults. These 
multiple fault nodes are generated when th sys- 
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tern detects nonoverlapping conflict sets resulting 
from propagation. The tree generation process can 
be continued at these multiple fault nodes until all 
possible faults are identified or all available termi- 
nals, i.e. measurements, are exhausted. Alternative- s 
ly, the generation process can be terminated when 
a multiple fault is detected and the diagnostic sys- 
tem can then calculate the most probable fault 
candidate. 

From the foregoing, it should be understood to 
that the present apparatus and method for genera- 
tion of multi-branched diagnostic trees is automat- 
ed thereby eliminating a time consuming manual 
tree generation process. The present apparatus 
and method also allows a system user flexibility in is 
the selection of measurement result granularity in 
fault Isolation, thus allowing the system user to 
balance between the required diagnostic power of 
the tree and the tree size or tree generation time. 
Further, by utilizing the connectivity and functional 20 
model which expresses functional behavior of sys- 
tem components in quantitative terms, the present 
invention provides accurate fault isolation. 

The present invention, together with further fea- 
tures and advantages thereof, will become appar- 26 
ent from the following detailed specification when 
read together with the accompanying drawings, in 
which: 

Figure 1 is a system diagram of a model-based 
system for fault isolation: 30 
Figure 2 is block diagram of a feedback control 
system: 

Rgure 3 is the block diagram shown in Figure 2 
and further including Identified conflict sets; 
Figures 4A-B show a flow chart illustrating the 35 
sequence of steps to generate a multi-branched 
diagnostic tree in accordance with the present 
invention; 

Figure 5 illustrates generation of a portion of a 
ternary tree; 40 
Figure 6 illustrates further generation of the ter- 
nary tree illustrated in figures: 
Figure 7 is another block diagram of the feed- 
back control system shown in block diagram in 
Figure 2; 45 
Figure 8 illustrates a portion of a ternary di- 
agnostic, tree automatically generated by the 
present invention for the block diagram of the 
feedback control system illustrated in Figure 7; 
and 60 
Figure 9 illustrates a portion of an n-ary di- 
agnostic tree automatically generated by the 
present invention for the block diagram of the 
feedback control system illustrated in Figure 7. 
A model-based diagnostic system 100 as 56 
shown in Figure 1 typically includes a command 
Interface 102 through which a system user enters 
commands. The user may also enter and edit in- 



formation, through the interface, for generation of a 
model 104 for a system to be diagnosed. The 
system user generally enters commands to per- 
form propagation, candidate generation, and best 
measurement selection as hereinafter described. 
The diagnostic system also includes a conflict gen- 
erator 106 which generates conflict sets, and a 
constraint propagator 108 to deduce terminal val- 
ues. The diagnostic system further includes a best 
measurement generator 110 to determine a mea- 
surement within the system being diagnosed 
which, if performed, would provide the most in- 
formation towards Isolating a fault or, equivalent^, 
results In the fewest measurements required to 
isolate the fault. A dependency tracking system 
112 is used to record, i.e. track, dependencies of 
system components. The dependency tracker is 
illustrated in Figure 1 as an assumption-based truth 
maintenance system ATMS but may be imple- 
mented in other ways. A conflict asserter 114 de- 
termines inconsistencies between predicted values 
generated by the constraint propagator and actual 
measured values, and communicates identified in- 
consistencies to the ATMS which identifies the 
conflict sets associated with these inconsistencies. 

Model 104 of the system to be diagnosed is 
stored in a block of memory locations in the com- 
puter. The model generally is manually generated 
by a system engineer who enters trie connectivity 
and the transfer functions of each system compo- 
nent through interface 102 of system 100. Fig. 2 
illustrates an example of a model of a system to be 
diagnosed. Inputs and outputs of each component 
of a system to be diagnosed are represented as 
terminals T1-29 in the model and each component 
1-20 is represented as a block. Importantly, al- 
though directionality Is indicated in Fig. 2 by ar- 
rows, he. inputs and outputs, directionality in the 
model is not necessary for operation of the propa- 
gation mechanism. For example, terminal value in- 
formation can be propagated from Input-to-output 
or output-to-input of each component. 

The system shown in Fig. 2 is an analog circuit 
having multiple coupled feedback loops, having on 
the order of one-hundred base-level components. 
Most of the components are electronic but some 
are electromechanical in nature. For example, an 
output variable at terminal T24 Is velocity and 
primary inputs at terminals T1 and T2 are electrical 
signals. Auxiliary inputs to the system at terminals 
T3, T4 and T5 include a velocity sensor, a fluid 
pressure sensor for a hydraulic drive, and a drag 
sensor, respectively. In the modal Illustrated in 
Figure 2, the level of fault isolation need only be to 
the level represented by each block. 

Bach block in Fig. 2 represents a specific func- 
tion such as a demodulator, and each block has a 
number therein, Le. 1-20. The system also includes 



5 



9 



EP 0 413 512 A2 



10 



a plurality of switches S1-S3. Transfer functions for 
most of the blocks are derived from an idealized 
detailed schematic. For example, the transfer func- 
tion for a simple amplifier Is a Dnear gain with 
upper and iower bounds at the operational amplifier 
saturation levels. 

Briefly, once the model has been completed 
for a particular device, diagnosis of faults proceeds 
by using the constraint propagation mechanism to 
form predictions as to specific values of each ter- 
minal of the system. Inconsistencies are detected 
and conflict sets are identified. These steps could 
be very computationally intensive depending upon 
the complexity of the system to be diagnosed. 

Each value of each terminal as predicted by 
the propagation mechanism generally depends on 
the correct operation of a set of components, and 
during propagation, each set of dependencies, i.e. 
all components whose correct operation is as- 
sumed for the deduction of a terminal value is 
recorded. The sets of dependencies are maintained 
in the dependency tracking mechanism for each 
deduced terminal value. When there is a conflict at 
a terminal between a predicted value and a mea- 
sured value, or between two propagated values, 
then a conflict is established. The set of compo- 
nents involved in the conflict, Le. the conflict set 
can be identified from the sets of dependencies of 
each propagated value, if the values at a terminal 
concur, no conclusions are drawn. 

One of the most important steps In fault isola- 
tion is the identification of the next best measure- 
ment to perform after propagation of an earlier 
measured value for a terminal. An example of a 
method for determining the next best measurement 
is described in de Kfeer et al., "Diagnosing Multiple 
Faults 1 ', Artificial Intelligence, 32 (1987), 97-130. 
Once the next best measurement has been deter- 
mined, the expert system identifies the terminal to 
be measured and the system user makes the in- 
dicated measurement on the actual system. The 
measured value is then input to command interface 
102. The propagation mechanism receives this val- 
ue and then proceeds with constraint propagation 
through model 104 as far as possible. Conflicts are 
again recorded, the next best measurement Is 
identified, and the system user is instructed to 
another selected measurement. The process is re- 
peated until the conflict sets are reduced to spe- 
cific faults, both singie and multiple, thereby isolat- 
ing the fault 

As an example of fault isolation, and with refer- 
ence to Figure 2, when a non-zero value is as- 
signed to input terminal T1 and zero is assigned to 
the output present at terminal T24, the expert sys- 
tem indicates a first conflict involving all system 
components, except for component 18 at terminal 
T2 which is an alternate input to the circuit mod I. 



The best measurement generator then indicates 
that terminal T11 is th next best measurement 
This choice can be readily justified since the model 
includes two main feedback loops coupled through 
s switch S3. A measurement at terminal T11 there- 
fore effectively separates the two main feedback 
loops. Fig. 3 illustrates the system shown in Fig. 2, 
and Fig. 3 further indicates conflict sets found after 
a measurement at terminal T1 1. 
10 Inputting a measured value of zero at terminal 
T11 initiates another sequence of propagation in 
conflict finding. After this propagation, two conflict 
sets are formed as indicated by the shading of 
each block in Fig. 3. A first conflict set is indicated 
is by shading on the lower right corner of blocks in 
the first set and a second set is indicated by 
shading the upper left corner of blocks in the 
second set As shown, three components, blocks 2 
and 3, and switch S2 are common to both conflicts 
20 and these components are identified as single fault 
candidates. The next best measurement deter- 
mined by the best measurement generator Is termi- 
nal T8 which substantially is the midpoint of the 
single fault candidates. Thus, the best measure- 
as ment generator isolates the highest probability can- 
didates. That Is. H is more probable that a single 
component is faulty rather than multiple compo- 
nents. 

ff the measured and predicted values are the 

30 same for terminals TB and 77, then two nonover- 
lapping conflicts sets remain That is, the first and 
second conflict sets must each contain a faulty 
component and the presence of multiple faults is 
confirmed. The propagation and measurement se~ 

35 lection process then continues to reduce each con- 
flict set to a single faulty component. Further detail 
as to the operation of expert systems is presented 
In Tong et al., "Diagnosing An Analog Feedback 
System Using Model-Based Reasoning", Computer 

40 Society Press Reprint (IEEE), reprinted from Pro- 
ceedings of the Annual Al Systems In Government 
Conference, Washington, D.C., March 27-31, 1989. 

Figures 4A-B illustrate a flow chart 200 of one 
embodiment of the present method for practice on 

45 automated generation of multi-branched diagnostic 
trees. Although the present method is practiced on 
model-based diagnostic system, the present meth- 
od is not limited to practice on a specific model- 
based diagnostic system. Fur illustrative and ex- 

50 planatory purposes, however, the present method 
is described sometimes with reference to mecha- 
nisms of the hereinbefore described diagnostic 
system. Further, the exact order of execution of 
each identified instruction is not limited to the order 

55 shown in the flowchart. As shown in Figure 4A, 
once the process has started as indicated at block 
202, the first step of th present method is for the 
system user to select a granularity describing mea- 
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surement results as represented by the branching 
factor of the diagnostic tree as identified at block 
204. For example, if the system user selects a 
granularity of three (3), then the diagnostic tree will 
be a ternary tree and the user will define three 
specific values or ranges of values to correspond 
to HIGH, OK and LOW. By allowing the system 
user to select the granularity, the diagnostic tree 
will provide the appropriate level of information 
used for each specific application. For example, 
with combinational logic digital circuitry, a binary 
tree may be satisfactory whereas in analog circuitry 
more granularity generally will be desired. Also, as 
identified in block 204, granuiariry is not selected 
at this point for the n-ary tree. 

The next step, as indicated at block 206, is to 
establish a terminal for measurement typically an 
output terminal of system model, as a root node 
and as a first measuring point of a diagnostic tree. 
The root node, however, could be selected to be 
another terminal represented in the system model. 
Based upon previous analysis, an expected value 
or range of values of the signal which should be 
present at each system terminal is predicted as 
shown in block 208. The actual value can then be 
measured by a system user. For purposes of ex- 
planation here, the system user has selected a 
granularity of three (3) corresponding to HIGH, OK 
and LOW, respectively, it is to be understood, 
however, that these qualitative values are for illus- 
trative purposes onfy. The system user then se- 
lects which value or range of values will correspond 
to HIGH or LOW, the predicted value or range of 
values being designated as OK. 

As indicated at block 210, branches are then 
generated, and these branches extend from the 
root node as illustrated in Fig. 5. As indicated in 
block 21 0 and shown as one example in Figure 5, 
each branch corresponds to one assigned value or 
interval values. For illustrative purposes, interval 
values are shown corresponding to each branch, 
and the example shown in Figure 5 indicates that 
HIGH, LOW and OK, respectively have assigned 
interval values of greater than one, less til an nega- 
tive one, and from negative one to one, respec- 
tively. 

As indicated in block 212, the next step is to 
select one of the branches of the selected node for 
analysis. The constraint propagator is initiated as 
shown in block 214 to perform deductions starting 
with the interval value associated with the selected 
branch. The system will then determine conflict 
and conflict sets, and if required, the probability of 
fault of each candidate set. For illustrative pur- 
poses, if a value greater than one was entered for 
the tree shown in Rgure 5, then the interval value 
of the 'HIGH" branch is ntered as the assumed 
measured value for the terminal associated with the 



root node. Constraint propagation then takes place 
and conflict sets are determined. 

As shown in Rgure 4B after connector A, aft r 
determining conflict sets, various alternatives are 
5 possible. Specifically, the system determines, as 
indicated at btock 216, how many conflict sets 
exist. If no conflict sets are found, as indicated at 
block 218, this result could mean that either no 
inconsistencies exist above the detection threshold, 

io or that the granularity chosen does not permit 
further isolation. In these cases, the branch typi- 
cally is terminated with a leaf node denoting no 
further fault isolation is possible. It is contemplated, 
however, that in certain special circumstances, 

16 such as when generating a tree for a system hav- 
ing multiple output terminals, all of which have not 
yet been measured, that diagnosis may be contin- 
ued by invoking the best measurement mechanism 
to identify a next terminal for measurement, i.e, 

20 proceeding to the step recited in block 222. If one 
conflict set remains containing a single component, 
as indicated at block 220, the selected branch is 
terminated with a leaf node marked by the compo- 
nent Identified as a single fault. 

25 If one or more intersecting conflict sets remain, 

as indicated at block 222, then further search is 
possible to identify a single fault The best mea- 
surement mechanism is invoked to identify the 
most Informative terminal to measure. If no best 

90 measurement is found, as illustrated at decision 
block 224, it is possible that no relevant measure- 
ments remain or are possible, in which case the 
branch is terminated with a leaf node as shown in 
block 218. 

35 If a best measurement is found, then another 

node is established at the end of the selected 
branch corresponding to the found next measure- 
ment, as illustrated in block 226. For example, in 
Rgure 5, if the "HIGH" measurement resulted in 
40 one or more intersecting conflict sets, and if the 
best measurement mechanism returned a specific 
terminal, T1, then the measurement of T1 is then 
established as another internal node attached to 
the "HIGH" branch, as shown in Figure 6. 
45 If multiple nonintersecting conflict sets remain, 
as indicated by block 224, the existence of multiple 
simultaneous faults is definite although the faults 
are not yet isolated. For some applications it may 
be sufficient to calculate the most likely fault can- 
so didate and its probability as indicated in block 230. 
The path can then be terminated with a leaf node 
containing this information. Alternatively, fault isola- 
tion can be continued by proceeding to block 222 
and invoking the best measurement generator. In 
ss practice, the number of possible multiple faults 
may be enormous and the latter alternative, i.e. 
proceeding to block 222, will be computationally 
expensive and the resultant tree could be quite 
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large- 

After a leaf node is attached to a given branch 
by operations indicated by blocks 218,220 or 230, 
the tree-generation mechanism searches for paths 
not yet terminated with a leaf node as indicated at 
decision block 232. if all the branches are termi- 
nated with leaf nodes, then the tree generation 
process stops as indicated at stop block 234. if all 
the branches are not terminated with leaf nodes, or 
if another node is established at the end of a 
branch as indicated in block 226, then the process 
proceeds to OR block 236. 

The tree generation mechanism can proceed 
from OR block 236 either In a "depth-first" manner 
by setting the newly established node from block 
226 as the selected node as indicated in block 23B 
and return to block 210 as shown by connector B, 
or in a "breadth-first* manner by choosing another 
unfcermlnated branch as the selected branch as 
indicated in block 240 and return to block 214 as 
shown by connector C. Since the tree must ulti- 
mately contain only completed paths, i.e., all paths 
terminating in leaf nodes, both manners are equiv- 
alent 

It should be understood therefore, that the 
present method for generation of multi-branched 
diagnostic trees is automated and utilizes methods 
for deducing values of terminals, identifying con- 
flicts and candidate sets, determining the next best 
measurement, and the isolation of faults. The tree 
generation process generally is performed off-line, 
he. not in real-time, because the process may be 
computationally expensive in terms of calculation 
time. 

Once the tree is generated, however, the sys- 
tem user utilizes the tree, in real-time, to isolate 
faults. Specifically, the user simply makes a first 
measurement i.e. the measurement indicated at 
the root node, and depending on the value of the 
measurement (e.g., HIGH, OK or LOW) the di- 
agnostic tree will quickly indicate the best next 
measurement to be made for fault isolation. The 
system user simply and quickly follows a path of 
the tree to isolate a fault as indicated by a leaf 
node. 

Figure 7 illustrates another block diagram of 
the feedback control system shown in the block 
diagram in Figure 2. This model was utilized to 
automatically generate the multi-branched diagnos- 
tic tree partially shown in Figure 8. A granularity of 
three (3) was selected for automatic generation of 
the tree shown in Figure 8, and the root node 
corresponds to output terminal T24. Each of the 
nodes in the tree represents a specific test mea- 
surement except for the "leaf" nodes, i.e. the 
nodes not having branches extending therefrom. 
The leaf nodes identify the faulty component, or 
the leaf node Is empty, ft is to be understood that 



the empty leaf nodes actually identify multiple 
faults indicating that multiple components are not 
operating properly. These nodes were left empty to 
provide more clarity in Figure 8. As discussed 

s above, diagnosis can be continued at the multiple 
fault nodes at the expense of creating a larger tree. 
The nodes which are shaded denote nodes for 
which a fault was not detected or the fault was not 
isolatable. These result from translating quantitative 

10 measurement results into qualitative interval even 
though there may be many intervals. The higher 
branching-factor used, the fewer shaded nodes re- 
suit. 

From the tree Illustrated in Figure 8, it should 
is be apparent that the multi-branched tree provides 
quick identification of a measurement to be made. 
Specifically, the system user simply measures the 
output terminal, and depending upon the value of 
the measurement, the user follows the correspond- 

20 Ing branch, e.g. HIGH, OK or LOW, to the next 
measurement node. When the branch terminates at 
a leaf node, then the faulty component has been 
isolated and can be repaired or replaced. 

Another feature of the present apparatus and 

25 method is that the system can be utilized to auto- 
matically choose the granularity, locally within the 
diagnostic tree, during generation of the tree. That 
Is, in this alternative embodiment, the system user 
does not select a fixed branching factor except for 

30 the root node. Rather, the number of branches 
from a given node is dynamically determined by 
the system itself during the tree generation pro- 
cess. Specifically, the propagation mechanism of 
the model-based system is utilized to propagate a 

35 range of values. After the first application of the 
range propagation mechanism following the entry 
of measurement results, each measurement node 
will have one or more interval values assigned to it. 
These interval values can be used to designate the 

AO selected intervals for that measurement For exam- 
ple, if two ranges overlap, then the ranges defined 
by the intersected and non-intersected portions of 
each range will be identified by the system as the 
ranges of interest. For illustrative purposes only, 

46 assume a node has a LOW range 1-7 and a HIGH 
range 5-10. The following Interval ranges for that 
particular node will then be assigned to respective 
branches from that node as follows: 
INTERVAL-1: 1-5, 

so INTERVAL-2: 5-7, and 
INTERVAL-3:7-10. 

Note that these intervals may or may not bear 
resemblance to the w OK M intervals determined by 
model simulation. In a similar manner, a range may 
55 be d termlned for each measurement node and the 
number of branches extending from each node 
corresponds to the number of determined ranges 
of interest The diagnostic tree generated utilizing 
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th range propagation mechanism is referred to as 
an "n-ary" tree to indicate that tine number of 
branches extending from each measurement node 
may be any integer greater than one and typicaily 
greater than two. 

Even more specifically, the method for auto- 
matically assigning a granularity to each node be- 
gins with establishing at least one terminal as a 
root node and establishing the root node as a 
selected node. Then a value for the terminal is 
determined, for example by simulation with the 
model, and a granularity for the root node is se- 
lected. The granularity of the root node may be 
selected by a system user or automatically. For 
example, one method for automatically determining 
the root node granularity is as follows. Initially, a 
granularity of three is selected, such as by prior 
programming, for the root node with the expected 
interval (OK) being determined by simulation, and 
Intervals are defined above (HIGH) and below 
(LOW) the expected interval. Then propagation Is 
performed utilizing the LOW Interval. If no conflict 
is detected, then new intervals are inserted adja- 
cent to the HIGH and LOW intervale, the new 
intervals being of the same width as the OK inter- 
val. The granularity of the root node is thus In- 
creased to five and the HIGH and LOW intervals 
have been reduced. Then, the prior propagation 
results are removed and propagation is again per- 
formed with the newly-defined LOW interval. If no 
conflict is detected, the steps of Inserting new 
intervals adjacent to the HIGH and LOW intervals, 
removing prior propagation results, and propagat- 
ing the LOW Interval are repeated. When a conflict 
is finally detected during propagation with a LOW 
interval, the procedure concludes and the root 
node granularity will equal the total number of 
established intervals. 

Then, a plurality of branches are generated to 
extend from the root node, the number of branches 
extending from the root node corresponding to the 
granularity as determined above. A branch value 
then is selected to correspond to each generated 
branch. For example, if the simulated value for the 
terminal represented as the root node Is 5-6V, and 
if a granularity of three is assigned to the root 
node, then the following values may be assigned to 
each branch: 
Branch 1 : 1-5V. 
Branch 2 : 5-6V. and 
Branch 3 : 8-1 5V. 

One of the branches of the root node is then 
selected for analysis. The branch value of the se- 
lected branch is propagated through the model, 
conflict sets are found, and the system then at- 
tempts to identify a next measurement to b made 
at a terminal. If no next measurement can be 
found, then the selected branch is terminated In a 



leaf node. If a n xt measurement is found, then the 
selected branch is terminated with a node identify* 
ing the next terminal to be measured. For example, 
if Branch 1 of the above example is selected, then 
s a range of 1-6V is entered as the value of the 
terminal corresponding to the root node, and prop- 
agation is performed by the propagation mecha- 
nism, tt one or more conflicts are found, then the 
best measurement identify a next terminal to be 

10 measured. If no terminal is identified, then a leaf 
node will be established at the end of the selected 
branch. If a terminal Is identified, then a measure- 
ment node identifying this terminal is established at 
the end of the selected branch. 

75 If a measurement node is identified, then a 
number (N) of numeric ranges are determined by 
using the intervals propagated to the terminal to be 
measured as explained above. For example, if a 
terminal T1 in the above example is identified as a 

20 next measurement far Branch 1 , the following oper- 
ations will occur. Since the system at this time has 
had at least two ranges propagated therethrough, 
i.e. the first simulation value and then the value 
corresponding to Branch 1 , terminal T1 may have 

26 two different ranges. Range 1 and Range 2, as- 
signed thereto. For example, Range 1 may equal 
20-28V and Range 2 may equal 25-32V. Since 
Range 1 and Range 2 overlap, the system will 
establish branches and assign the following values 

30 to each branch: 
Branchn 1 : <20V, 
Branchn 2 : 20-25V, 
Branchn 3 : 25-28V, 
Branchn 4 : 28-32V and 

35 Branchn 5 : >32V. 

In this manner, branches are automatically gen- 
erated and values are assigned thereto. 

Importantly, the manner of determining the 
number of branches and assigning ranges to each 

40 branch is not limited to particular ranges or a 
specific method. For example, the overlapping por- 
tions of each range could form more than one 
branch and the non-overlapping ranges could form 
more than one branch. One method for increasing 

46 the granularity at a specific node, for example, after 
generation of initial branches and initial branch 
intervals, is to determine, where possible, a mid- 
point for each Initial branch interval. Then new 
branches are generated and ranges are assigned 

so to each new branch In accordance with ranges 
established by the initial intervals and their mid- 
points. For example, the following ranges could be 
assigned to branches for the measurement node 
for terminal T1: 

66 Branchn 1 : <20V, 

Branchn 2 : 2Q-22.5V. 
Branchn 3 - 22.5-25V, 
Branchn 4 : 25-26.5V. 
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Branchn 5 : 28.5-28V, 
Branchn 6 : 2S*30V. 
Branchn 7 : 30-32V, and 
Branchn 8 : >32V, 

As granularity is increased, however, the size of the 
tree also increases. Therefore, it may be desirable 
to place an upper limit, i.e. a maximum, on the 
number of branches from each node. Many other 
methods for increasing granularity are possible and 
contemplated. 

Likewise, just as granularity can be increased, 
granularity can be decreased. One method for de- 
creasing the granularity at a specific node, for 
example, after generation of initial branches and 
initial branch intervals, is to combine initial intervals 
such as in a consecutive pair-wise manner. For 
example, the following ranges could be assigned to 
branches for the measurement node for terminal 
T1: 

Branchn 1 : <25V, 
Branchn 2: 25-32V, and 
Branchn 3 : >32V. 

As granularity is decreased, however, the diagnos- 
tic accuracy of the tree may be reduced. Many 
other methods for decreasing granularity are possi- 
ble and contemplated. 

Also, it is possible that ranges at a terminal 
may not overlap or may entirely overlap. If those 
circumstances occur, the system will automatically 
generate branches, for example, by identifying 
each non-overlapping portion of each range as a 
branch, and then establish other ranges for other 
branches. For example, if for terminal T1 , Range 1 
equals 1-5V and Range 2 equals 8-1 2V t then the 
system will establish branches and assign the fol- 
lowing values: 
Branchn 1 : <1V, 
Branchn 2 : 1«*6V, 
Branchn 3 : 5-8V, 
Branchn 4 : 8-12V and 
Branchn 5 : >12V. 

On the other band, if Range 1 = Range 2 = 6-9V, 
then the system will establish branches and assign 
the following values: 
BranchTl 1 : <8V, 
BranchTi 2 : G-9V, and 
BranchTl 3 : >9V. 

Again, the above ranges are for illustrative pur- 
poses and many different range sets couid be 
generated. 

The above-explained process is repeated for 
each branch and until all paths of the tree termi- 
nate in leaf nodes. In this manner, an n-ary tree is 
generated, importantly, the number of branches 
from each node In the n-ary tre may vary and the 
number of branches and corresponding values are 
automatically selected. The n-ary tree generation 
process therefore even furth r automates diagnos- 



tic tree generation. 

An example of an n-ary tree is shown In Fig. 9. 
This tree was automatically generated utilizing the 
model illustrated in Fig. 7. Note that the number of 
6 branches extending downward from each measure- 
ment node may vary. 

A diagnostic tree may, for example, be printed- 
out in hardcopy or may be stored on a floppy disk 
for use in a portable computer in actual operating 
io environment 

While embodiments of the present invention 
have been illustrated and described herein, it will 
be obvious that numerous modifications, changes, 
variations, substitutions and equivalents, In whole 
16 or in part, will now occur to those skilled In the art 
without departing from the invention. 



Claims 

20 

1. In an automated diagnostic reasoning system 
comprising a fault candidate generator, a best mea- 
surement mechanism, a constraint propagator 
mechanism, a dependency tracking mechanism, 

25 and a model of a system to be diagnosed, said 
model including terminals indicating measurement 
points in the system to be cfiagnosed, a method for 
automated generation of a diagnostic tree compris- 
ing the steps of: 

30 a) determining an operating value for each of 
said terminals; 

b) selecting a granularity for each node of said 
diagnostic tree; 

c) establishing at least one terminal as a root 
36 node and establishing the root node as a se- 
lected node; 

d) generating a plurality of branches extending 
from said selected node, the number of 
branches extending from said selected node 

40 corresponding to said selected granularity, and 
selecting a branch value to correspond to each 
of said generated branches; 

e) selecting one of said branches of said se- 
lected node not terminating in a leaf node for 

46 analysis; 

f) propagating the branch value of said selected 
branch through said model thereby generating a 
propagated value for said terminals; 

g) identifying conflicts between propagated val- 
50 ues at each terminal and generating conflict 

candidate sets; 

h) terminating the selected branch with a leaf 
node denoting no further fault isolation is possi- 
ble rf no conflict set exists; 

55 I) terminating the selected branch with a node 
denoting multiple faults if multipl , nonintersec- 
ting conflict sets exists; 

j) terminating the selected branch with a leaf 
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node denoting a single fault if one conflict set 
having a single component exists; 
k) attempting to identify a next measurement to 
be made if at least one conflict set exists, termi- 
nating the selected branch with a leaf node s 
denoting no further fault isolation Is possible if 
no next measurement can be identified, termi- 
nating the selected branch with a measurement 
node corresponding to an identified next mea- 
surement and establishing said measurement io 
node as the selected node and returning to step 
(d) if a next measurement can be identified; 
I) finding a branch not terminated with a node 
and establishing the found branch as the se- 
lected branch and returning to step (f); 75 
m) finding a measurement node without estab- 
lished branches, establishing said measurement 
node as the selected node, and returning to step 
(d) If a measurement node is established; and 
n) stopping tree generation if ail branches are 20 
terminated with leaf nodes. 

2. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein 
selecting the granularity of each node of said tree 
comprises the step of: 25 
setting the granularity of each node to equal at 
least two if at least one component of said system 

to be diagnosed has an analog input or output. 

3. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein so 
the granularity of each node is equal to the 
granularity of the root node. 

4. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein 

the granulariry of each node may vary. 35 

5. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein 
the granularity of each node is selected by a sys- 
tem user. 

8. A method for automated generation of a di- 40 
agnostic tree In accordance with claim 1 wherein 
the granularity of each node is selected automati- 
cally. 

7. A method for automated generation of a di- 
agnostic tree tn accordance with claim 1 wherein 45 
establishing a terminal of said model as a root 
node comprises the steps of: 

identifying an output terminal of said model; and 
establishing said identified output terminal as said 
root node. 50 

8. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein 
establishing a terminal of said circuit model as a 
root node comprises the steps of. 

Identifying a component most likely to be faulty 66 
based on prior experience; 

identifying an output terminal of said identified 
component and 



establishing said identified output terminal as said 
root node. 

9. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein 
measurement at a plurality of terminals is estab- 
lished as a root node. 

10. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein 
said selected value is a single numerical value. 

11. A method for automated generation of 
a:di8gnostic tree in accordance with claim 1 
wherein said selected value is a range of numerical 
values. 

12. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 further 
comprising the step of: 

finding a node denoting multiple faults, establishing 
said muitfple fault node as a selected node and 
returning to step (d) before stopping tree genera- 
tion. 

13. A method for automated generation of a di- 
agnostic tree in accordance with claim 1 wherein a 
node denoting multiple faults is established as a 
leaf node. 

14. An automated diagnostic apparatus, compris- . 
ing: 

means for making predictions about terminal values 
using a model of a system to be diagnosed and . 
assigning predicted values to terminals of said 
model; 

means for generating conflicts between said as- 
signed values and actual measured values and 
between different sets of assigned values; 
means for identifying a next measurement to be 
made for isolating a fault; 

said automated diagnostic apparatus being pro- 
grammed to perform the steps of: 

a) determining an operating value for each of 
said terminals; 

b) selecting a granularity for each node of said 
diagnostic tree; 

c) establishing a first terminal as a root node 
and establishing the root node as a selected 
node; 

d) generating a plurality of branches extending 
from said selected node, the number of 
branches extending from said selected node 
corresponding to said selected granulariry, and 
selecting a branch value to correspond to each 
of said generated branches; 

e) selecting one of said branches of said se- 
lected node not terminating In a leaf node for 
analysis; 

f) propagating the branch value of said selected 
branch through said model thereby generating a 
propagated value for said terminals; 

g) identifying conflicts between propagated val- 
ues at each terminal and generating conflict 
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candidate sets; 

h) terminating the selected branch with a leaf 
node denoting no further fault isolation is possi- 
ble rf no conflict set exists: 

i) terminating the selected branch with a node 5 
denoting multiple faults if multiple, nonintersec- 

ting conflict sets exists: 

]) terminating the selected branch with a leaf 
node denoting a single fault if one conflict set 
having a single component exists; 1Q 
k) attempting to Identify a next measurement to 
be made if at least one Intersecting conflict set 
exists, terminating the selected branch with a 
leaf node denoting no further fault isolation is 
possible if no next measurement can be iden- is 
titled, terminating the selected branch with a 
measurement node corresponding to an iden- 
tified next measurement and establishing said 
measurement node as the selected node and 
returning to step (d) if a next measurement can 20 
be identified: 

I) finding a branch not terminated with a node 
and establishing the found branch as the se- 
lected branch and returning to step (f); and 
m) finding a measurement node without estab- 25 
lished branches, establishing said measurement 
node as the selected node, and returning to step 
(d) tf a measurement node is established; 
n) stopping tree generation if all branches are 
terminated with leaf nodes. so 
15. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein selecting the granularity of each node of 
said tree comprises the step of: setting the 
granularity of each node to equal at least two if at 36 
least one component of said system to be di- 
agnosed has an analog input or output 
18. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein said means for identifying a next measure- 40 
ment identify a measurement which results In a 
minimum number of measurements required to iso- 
late a fault. 

17. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 45 
wherein said means for identifying a next measure- 
ment identify a measurement which results in a 
minimum cost to isolate a fault. 

18. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 so 
wherein the granularity of each node is equal to the 
granularity of the root node. 

19. An apparatus for automated generation of a 
diagnostic tree In accordance with claim 14 
wherein the granularity of each node may vary. 55 

20. An apparatus for automated generation of a 
diagnostic tree In accordance with claim 14 
wherein the granulariry of each node is selected by 



a system user. 

21. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein the granularity of each node is selected 
automatically. 

22. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein establishing a terminal of said model as a 
root node comprises the steps of: 

identifying an output terminal of said model; and 
establishing said identified output terminal as said 
root node. 

23. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein establishing a terminal of said model as a 
root node comprises the steps of: 

identifying a component most likely to be faulty 
based on prior experience; 

identifying an output terminal of said identified 
component; and 

establishing said identified output terminal as said 
root node. 

24. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein measurement at a plurality of terminals Is 
established as a root node. 

25. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein said selected value is a single numerical 
value. 

26. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein said selected value is a range of numerical 
values. 

27. An apparatus for automated generation of a 
diagnostic tree In accordance with claim 14 further 
comprising the step of; 

finding a node denoting multiple faults, establishing 
said multiple fault node as a selected node and 
returning to step (d) before stopping tree genera- 
tion. 

28. An apparatus for automated generation of a 
diagnostic tree in accordance with claim 14 
wherein a node denoting multiple faults is estab- 
lished as a leaf node. 

29. An apparatus in accordance with claim 14 
wherein said leaf node identifies multiple faulty 
components. 

30. In a model-based diagnostic reasoning system 
for generating a diagnostic tree including a root 
nodes, internal nodes and branches, a method for 
automatically assigning a granularity to each inter- 
nal node, said method comprising the steps of: 

a) establishing at least one terminal as a root 
nod and establishing the root node as a s - 
lected node; 

b) determining value for said one terminal; 

c) selecting a granularity for said root nod ; 
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d) generating a plurality of branches extending 
from said root node, the number of branches 
extending from said root node corresponding to 
the selected granularity and selecting a branch 
value to correspond to each said generated s 
branches; 

e) selecting one of said branches of said se- 
lected node not terminating in a node for analy- 
sis; 

0 propagating the branch value of said selected w 
branch; 

g) attempting to identify a next measurement to 
be made at a terminal, if no next measurement 
can be found then terminating said selected 
branch in a leaf node; is 

h) terminating the selected branch with a node 
identifying the terminal to be measured rf a next 
measurement fs identified; 

i) determining a number (N) of numeric ranges 
using the Intervals propagated to the terminal to 20 
be measured; 

]) generating N branches from said node iden- 
tifying the terminal to be measured; 
k) assigning each said branch one of said inter- 
val ranges; 25 
I) establishing a node having at least one branch 
not terminating in a node as the selected node 
and returning to step (e); and 
m) stopping tree generation when all paths of 
the tree terminate in leaf nodes. so 

31. A method for automatically assigning a 
granularity to each Internal node In accordance with 
claim 30 wherein determining a number (N) of 
Interval ranges resulting from propagating the 
range of values comprises the steps of: ss 
determining If any ranges Intersect; and 

assigning each non-intersected portion of each said 
range to a respective branch and assigning each 
intersected portion to a respective branch. 

32. A method for automatically assigning a 40 
granularity to each internal node in accordance with 
claim 31 further comprising the steps of: 
determining a mid-point for each of said non-inter- 
sected and intersected portions where possible; 
defining ranges in accordance with each of said 45 
non-intersected portions and their respective mid- 
points and each of said intersected portions and 
their respective midpoints; and 

generating branches and assigning each branch 

one of said defined ranges. so 

33. A method for automatically assigning a - 
granularity to each Internal node In accordance with 
claim 31 further comprising the steps of: 
combining intervals in a consecutive pair-wise man- 
ner; defining ranges in accordance with said com- 65 
bined intervals; and generating branches and as- 
signing each branch one of said defined ranges. 

34. A method for automatically assigning a 



granularity to each internal node in accordance with 
claim 30 wherein the granularity of said root node 
is user selected. 

35. A method for automatically assigning a 
granularity to each Internal node in accordance with 
claim 30 wherein the granularity of safd root node 
Is automatically selected. 

36. A method for automatically assigning a 
granularity to each Internal node in accordance with 
claim 30 wherein a maximum limit as to the num- 
ber (N) of branches generated from a node is 
predetermined. 
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